vitro experiments, we show that SMN is required for 1997). The SMN protein is a 40 kDa polypeptide with no pre-mRNA splicing, probably for the regeneration or rerecognizable sequence motifs that is found both in the cycling of snRNPs and possibly other splicing factors. nucleus and in the cytoplasm. In the nucleus, SMN is Mutant SMNs, such as those that are found in SMA concentrated in bodies called gems, similar in size and patients, lack the splicing-regenerating activity of wildnumber to coiled bodies and often associated with them type SMN. We conclude that SMN plays a crucial role in the biogenesis of mRNA, and that deficiencies in this activity of SMN are, at least in part, the molecular cause
Results

SMN⌬N27 and with snRNPs (data not shown). The number of the merged SMN-and snRNP-containing bodies in the SMN⌬N27-transfected cells is greater than the A Dominant-Negative SMN Mutant Causes Reorganization of snRNPs, Gems, number of gems (or of coiled bodies) in control cells, and they are much larger than gems and coiled bodies. and Coiled Bodies To define the functional domains of SMN, we conThese merged structures can become as large as the nucleoli. structed various deletion mutants and studied their interactions with SIP1 and the Sm proteins in vitro by
We further examined the localization of a specific spliceosomal snRNA in cells transfected with SMN⌬N27. binding assays, and in vivo by coimmunoprecipitation after transfections into mammalian cells. As part of these To do so, we determined the localization of U2 snRNA by in situ hybridization with a U2-specific antisense probe experiments, we monitored the expression and cellular localization of the myc-tagged mutants as well as their (Matera and Ward, 1993) . Figure 2 shows that the cytoplasmic accumulations that intensely stain for both the effect on snRNP localization. A complete account of the domain mapping of SMN and SIP1 will be reported SMN⌬N27 and Sm proteins also contain U2 snRNA, while cells transfected with wild-type SMN show only elsewhere (L. Pellizzoni et al., unpublished data). A particularly striking effect was observed by transfection of slight cytoplasmic background staining (data not shown). This suggests that complexes containing Sm proteins, amino terminal deletion mutants, and one of these, a mutant lacking the first 27 amino acids of SMN, SMN⌬ snRNAs, and SMN accumulate in the cytoplasm, likely representing a block in the pathway of cytoplasmic N27, has been investigated in detail. Double-label immunofluorescence using anti-myc-tag antibodies to detect snRNP assembly. This block could be further pinpointed by immunostaining with an anti-trimethyl-G cap (TMG)-either the transfected myc-SMN or myc-SMN⌬N27, and the anti-Sm antibody Y12 showed accumulation in the specific antibody. The TMG cap is formed by hypermethylation of the 5Ј mono-methyl-G cap of the snRNAs, cytoplasm of Sm proteins colocalized with the mutant SMN⌬N27 in discrete aggregates (Figure 1 ). In the nuand this step has been shown to take place in the cytoplasm after Sm core assembly has occurred (Mattaj, cleus, a striking rearrangement of snRNPs was observed and they also colocalized with SMN⌬N27. In contrast, 1986; Fischer and Luhrmann, 1990). The staining indicates that although the cytoplasmic accumulations in cells transfected with wild-type myc-tagged SMN ( Figure 1A and 1C) , as in untransfected cells, there is a caused by SMN⌬N27 contain U2 as well as Sm proteins and SMN, the snRNAs within them do not receive the barely detectable signal of Sm proteins in the cytoplasm, and the nuclear staining of Sm snRNPs shows general TMG modification ( Figure 2D and 2F). Although we cannot exclude the possibility that the lack of TMG staining nucleoplasmic distribution with higher local concentrations in interchromatin granules (also referred to as in the cytoplasm is a result of masking, the complete absence of signal and the strong staining in the nucleus "speckles"), and particularly intense staining in coiled bodies (Carmo-Fonseca et al., 1991; Huang and Spector, make this unlikely. Thus, we conclude that the snRNP assembly pathway in the cytoplasm is arrested at a step 1992). In these cells, SMN staining of gems is visible adjacent to and in most cases overlapping with that of preceding the cap hypermethylation. The snRNAs in the nuclei of the same cells, however, are hypermethylated, coiled bodies ( Figure 1C , and see below). There is a higher diffuse nucleoplasmic staining of myc-SMN than since they stain efficiently with the anti-TMG antibody. These effects of SMN⌬N27 suggest that it has a domiis normally seen in untransfected cells likely due to the overexpression of the protein, but the size, number, and nant-negative phenotype over wild-type SMN. They also suggest that SMN and SIP1 interact with Sm proteins localization of gems is unchanged relative to untransfected cells. In the SMN⌬N27-transfected cells, endogein the cytoplasm and, importantly, also with snRNPs in the nucleus. Furthermore, these findings show that nous SMN and SIP1 are completely colocalized with To address this directly, we studied the effect of SMN⌬N27 on pre-mRNA splicing in an in vitro asked whether the SMN mutant, SMN⌬N27, has any effect on the structure or organization of coiled bodies system. SMNwt and SMN⌬N27 were produced in bacteria as recombinant proteins bearing a his-tag, purified by staining the cells with antibodies to p80 coilin, a coiled bodies-specific marker (Andrade et al., 1991). The to homogeneity, and added to nuclear splicing extracts. The 32 P-labeled chicken ␦-crystallin pre-mRNA was used immunomicrographs show that coiled bodies and gems become completely merged in the nucleus and that the as a splicing probe and the reaction products were anap80 coilin staining completely coincides with the stainlyzed by gel electrophoresis. Addition of SMNwt or the ing of the enlarged gems (Figure 3 ). These enlarged SMN⌬N27 mutant to the reaction at time zero had almost merged nuclear structures therefore contain snRNPs, no effect on the splicing reaction, although they appear coiled bodies, and gem components. The reorganization to stabilize the intron ( Figure 4A ). We then considered of coiled bodies that SMN⌬N27 brings about suggests a the possibility that while SMN might not be a splicing functional relationship between SMN and coiled bodies.
factor per se, it may be important for some function akin to its role in snRNP assembly in the cytoplasm, namely that although nuclear snRNPs are thought to be stable SMN⌬N27 Inhibits pre-mRNA Splicing When Added during Preincubation and fully assembled, they may need to be regenerated or reassembled between rounds of splicing, and that The profound effect of SMN on the organization of nuclear snRNPs, particularly the formation of large snRNP-SMN may be required for this process. To address this Ohno and Shimura, 1996). Interestingly, and consistent probe is added. We therefore incubated the extract with with the notion that allowing the extract to preincubate all the components, including an energy-generating sysunder splicing conditions leads to a reduction in active tem and SMNwt or SMN⌬N27, but without the pre-mRNA components, the capacity of the extract to form splicing for 20 min, at which time the probe pre-mRNA was complexes is significantly reduced during a 20 min preadded and the reaction was allowed to proceed for an incubation ( specificity of the 2B1 effect is illustrated by the lack of inhibition by the control antibody SP2/0, and further by the lack of inhibition of an affinity purified rabbit we did not anticipate that they would produce the same polyclonal antibody raised against a SMN peptide correinhibitory effect seen with SMN⌬N27, but we wished to sponding to the extreme C-terminus encoded by exon determine if they could substitute for SMNwt in provid-7 (Liu et al., 1997) . In fact, the anti-exon 7 antibody had ing a stimulatory effect on pre-mRNA splicing when a strong stimulatory effect. 2B1 is as strong an inhibitor added to extract during preincubation. These experiof pre-mRNA splicing as the anti-snRNP antibody Y12 ments were carried out using the adenovirus 2 major (Figure 6; Padgett et al., 1983) . late transcription unit-derived pre-mRNA, Ad-2 ⌬IVS (Konarska et al., 1984) , rather than the ␦-crystallin premRNA because we also wished to determine whether Unlike SMNwt, SMN Mutants Found in SMA Patients Do Not Stimulate Splicing when the inhibitory effect of SMN⌬N27 is a general phenomenon, as opposed to an effect that is unique to ␦-crystallin Added during Preincubation In addition to the homozygous deletion of both telomeric pre-mRNA. Similar to its effect on ␦-crystallin pre-mRNA splicing, addition of SMN⌬N27 during the preincubation SMN genes, several point mutations and partial deletions of the carboxyl terminus of SMN have been identitime inhibited the splicing of this adenovirus pre-mRNA (Figure 7) . In contrast, wild-type SMN showed a strong fied in SMA patients (reviewed in Burghes, 1997) . The effects of two mutations leading to the severe type I SMA stimulatory effect on mRNA production. Interestingly, neither SMNY272→C nor SMN⌬Ex7 had any detectable phenotype, the Y272C point mutation and the deletion of the amino acid sequence encoded by the exon 7 effect, showing neither stimulation nor inhibition of premRNA splicing. The recombinant proteins used in these (Lefebvre et al., 1995; Burghes, 1997), have been investigated. SMN deleted of exon 7 (SMN⌬Ex7) is also thought experiments were produced side-by-side using the same procedure, and identical amounts were added to to be the main form produced by the centromeric SMN gene (Gennarelli et al., 1995) . These loss-of-function mueach assay. All these SMN recombinant proteins were able to directly bind a GST-SIP1 fusion in vitro, providing tations of SMN are recessive and result in the SMA phenotype in individuals carrying a deletion of the other further evidence that they were purified in native form (data not shown). These findings demonstrate that SMN telomeric SMN allele. As these are recessive mutations on nuclear snRNP organization was unexpected. As this raised the possibility of an involvement of these proteins, particularly of SMN, in the activity of snRNPs in premRNA splicing, we examined this directly. Our results point to a novel function of SMN in the pre-mRNA splicing cycle and suggest that some components of the spliceosome, likely snRNPs but possibly also other components, require SMN for their function. The lack of an effect of SMN⌬N27 upon its addition to a splicing extract indicates that SMN is neither a general inhibitor of splicing nor a splicing factor per se. Rather, inhibition of splicing by SMN⌬N27 and by the anti-SMN antibody 2B1 are seen only if they are added to the extract and the reaction is preincubated before the pre-mRNA probe is added. This inhibition, which is not observed with wild-type SMN and which is general rather than premRNA specific, suggests a role for SMN in regeneration of snRNPs (and possibly also of other components). It appears that during the incubation of the nuclear extract under splicing conditions, including an energy-regenerating system, some of its components, likely including snRNPs, become inactivated and their regeneration to Shimura, 1996) for 20 min at 30ЊC. After addition of labeled premRNA, the mixture was incubated for an additional 20 or 40 min at Experimental Procedures 30ЊC. RNA products were analyzed by electrophoresis on a 6% acrylamide/8.3 M urea gel followed by autoradiography.
Constructs and Recombinant Proteins Production
DNA fragments corresponding to the open reading frames of
Analysis of Splicing Complex Formation SMNwt, SMNY272→C, SMN⌬Ex7, and SMN⌬N27 were generated by RNP Gel Electrophoresis by PCR amplification using specific primers. For the transient exFor analysis of splicing complexes, splicing reactions were carried pression in HeLa cells the inserts were cloned downstream of the out as described above using ␣-32 P-labeled chicken ␦-crystallin pre-CMV promoter into a modified pcDNA3 vector (InVitrogen) conmRNA. After a 30 min incubation at 30ЊC, 50 g of heparin (Sigma) taining the myc-tag sequence corresponding to the epitope recogwere added and the reactions were placed on ice for 10 min. An nized by the monoclonal antibody 9E10 (Siomi and Dreyfuss, 1995) .
RNP native gel electrophoresis on a 3.75% polyacrylamide gel was For the production of purified recombinant proteins, the same performed as described by Konarska (1989) . inserts were cloned into pET28 vector. His6-SMN fusion proteins were expressed in the E. coli strain BL21(DE3)pLysS and purified , and were purified as described previously (Ohno and Shimura, 1996). In
